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ABSTRACT. 
Polystyrene (PSt)-based copolymer/montmorillonite (MMT) nanocomposites were prepared by 
an in-situ vapor-phase assisted surface polymerization (VASP) as a solventless method using an 
organically modified MMT and a free radical initiator. Simultaneous and consecutive VASP of 
styrene (St) and methyl methacrylate (MMA) on the pre-modified MMT induced the 
accumulation of poly(MMA-ran-St) and poly(MMA-block-St) on the MMT surface, resulting in 
effective intercalation and exfoliation of silicate layers. The homogeneously dispersed silicate 
platelets in the polymer matrices were confirmed by X-ray diffraction and transmission electron 
microscope analyses. An important contributor to this phenomenon must be the particular 
interaction between a small amount of MMA-units and silicate surfaces. This approach allows the 
nanocomposites with accompanying intercalation and exfoliation of silicate layers to be applied 
to a wide range of vaporizable monomers which in the absence of this technique would be 
otherwise difficult to individually prepare. 
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Introduction 
Until recently, among the nanocomposites, the polymer/montmorillonite (MMT) 
nanocomposite, in which silicate platelets in MMT are dispersed on a nano-scale throughout the 
polymer matrix, has been seen as one of the most valuable kinds of composites, because this 
dispersion of silicate platelets gives to the nanocomposites gas barrier properties, physical 
strength, heat stability,1 and a specific interfacial interaction with electric conducting polymers2 
such as polypyrrole, polyaniline or polyamic acid. 
Homogeneous dispersion of the completely delaminated silicate layers is desirable, because it 
ensures the maximum reinforcement of the composites. However, incompatibility between the 
hydrophilic layered silicates and hydrophobic polymer matrices makes it difficult to separate and 
disperse the individual platelets throughout polymer matrices. Therefore, to achieve exfoliation, 
various procedures have been devised. For example in the preparation of polystyrene (PSt)-based 
nanocomposites3-9, procedures attempted include the uses of various initiator-MMT hybrids3,4, a 
protonated amine5 and carboxyl terminated polystyrenes6, in-situ bulk and solution 
polymerizations of styrene using co-reactive organophilic montmorillonite7,8, and melt 
compounding of organophilic layered silicates and polystyrene in the presence of 
poly(styrene-co-vinyloxazoline).9 Even though these ingenious procedures have induced the 
successful exfoliation of the layered silicates, the processes are troublesome and still require large 
amounts of solvents.4b,10 
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The vapor-phase assisted surface polymerization (VASP) technique has been developed as the 
simplest method for constructing micro architectures on solid substrate surfaces with the 
advantages of being solventless and precise.11 The presence of fine gaps and spaces within the 
solid substrate provide an additional advantage commending use of the VASP technique in the 
construction of fine structured composites12 and coatings.13 These gaps and spaces, when wider 
than the size of monomer molecule, allow the vaporized monomer to diffuse and penetrate 
interstitially within the solid substrates. After the diffusion and adsorption on the interstitial 
surfaces, the monomers polymerize in a manner of “pseudo-grafting from” the substrate surfaces. 
Polymer chains then grow on the surfaces by filling the spaces.  
Recently, a simple construction method for a vinyl polymer/clay nanocomposite by VASP of 
methyl methacrylate (MMA) to obtain a completely exfoliated PMMA/MMT nanocomposite was 
reported.14 The VASP of MMA made the d-spacing of the silicate layers readily expand and 
consequently exfoliate to form a nanocomposite.  
This VASP approach to nanocomposite construction, as well as providing the novel benefits of 
being a solventless process, generating high concentrations of clay in nanocomposites, and using 
a minimum of resources, also allows easy production of block copolymers by the exchange of a 
monomer vapor.11d This block copolymerization technique has great potential in nanocomposite 
production, because it provides a possible solution to the intrinsic incompatibility between clay 
and polymer. In this paper, we designed a clay-compatible block copolymer by VASP, resulting 
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in the formation of highly dispersed PSt-based copolymer/clay nanocomposites. The 
morphologies and thermal stability of the nanocomposites were also analyzed. 
 
Experimental Section 
Materials. Monomers, methyl methacrylate (MMA, 99.0%, Tokyo Chemical Industry Co., 
Ltd.) and styrene (St, 99%, from Wako Pure Chemical Industries, Ltd. (Wako)) were purified by 
distillation under reduced pressure over CaH2 just before polymerization. Initiator, 
2,2’-azobis(isobutyronitrile) (AIBN, >99%) was purchased from Otsuka Chemical Inc. and 
crystallized from methanol. Polymerization inhibitor, 4-tert-butylpyrocatechol (>98%), was 
purchased from Wako and used as received. Substrate, organophilic montmorillonite (C18MMT, 
d-spacing 2.2 nm), which was modified with dimetylstearyl-ammonium chloride, was used as 
received from Kunimine Industries Co., Ltd. All other reagents, such as acetone (>99%), 
chloroform (CHCl3, >99.0%, HPLC grade), and methanol (>99%) were commercially obtained 
and purified by distillation.  
Initiator intercalated C18MMT (powder, diameter <0.05 mm) was prepared in the same manner 
as reported elsewhere in detail.14 Before VASP, to intercalate the initiator AIBN into the silicate 
layers, C18MMT (1.54g) was pre-treated with a 1mM acetone solution (500 ml) of AIBN at a 
1:30 weight ratio to C18MMT at 25 °C for 0.5 h under stirring. After the pre-treatment, acetone 
was removed under vacuum at room temperature, resulting in the production of powdery 
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AIBN-intercalated C18MMT (d-spacing 2.3 nm).14 The pre-treated C18MMT powder was stirred 
in CHCl3 to wash out the initiators attached to outside surfaces.  
 
Typical Procedure of Simultaneous Copolymerization. To obtain random copolymers, 
simultaneous copolymerization was employed. A typical simultaneous VASP of MMA and St 
was carried out in an H-shaped glass tube reactor with a vacuum cock. The C18MMT powder 
pre-intercalated with AIBN (100 mg) was measured into a glass pan (bottom surface area: 707 
mm2) and the glass pan was set in the bottom of one of the legs of the H-shaped glass tube reactor. 
Prescribed amounts of monomers: MMA and St, and inhibitor: 4-tert-butylpyrocatechol (20 mg, 
1.2 × 10-4 mol) were introduced into the bottom of the other leg. The reactor was degassed by 
three freeze-pump-thaw cycles and then sealed under a saturated atmosphere of vaporized 
monomers. Polymerization was carried out at 70 °C for 3 h in a thermostated oven. After the 
reaction, the powdery sample, which had been expanded by newly intercalated polymer chains, 
was dried to remove the adsorbed monomers in vacuo and weighed to obtain 
poly(MMA-ran-St)/C18MMT composites. The produced powdery composites (diameter <0.1 
mm) were analyzed intact with an X-ray diffractometer (XRD) to measure the d spacing of the 
silicate layers. 
 Free-polymers in the obtained composites were extracted using tetrahydrofuran (THF) as 
a good solvent of the copolymer at 80 ºC for 24 h. THF solution was repeatedly filtered to ensure 
the removal of the clay, and then extracted polymer was precipitated with methanol. The isolated 
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polymers were dried and analyzed by Fourier transform infrared (FTIR), 1H NMR, and 
size-exclusion chromatography (SEC). Moreover, free homopolymers were extracted from the 
THF-extracted products at 80 °C for 24 h using selective solvents, i.e., cyclohexane for PSt and 
acetonitrile for PMMA.11d Characterization of fractions: copolymer and homopolymers was 
carried out with 1H NMR, FTIR, and SEC. 
 
Typical Procedure for Consecutive Copolymerization. To obtain block copolymers, 
consecutive copolymerization was employed for VASP. The C18MMT powder, pre-intercalated 
with AIBN (100 mg), was measured into a glass pan (bottom surface area: 707 mm2) and the 
glass pan then set in the bottom of one of the legs of the H-shaped glass tube reactor. MMA (2.0 
mL) and 4-tertbutylpyrocatechol (20 mg, 1.2 × 10-4 mol) were added in the bottom of the other 
leg. The reactor was degassed by three freeze-pump-thaw cycles and then sealed in a saturated 
atmosphere of MMA. Polymerization was carried out at 60 °C for 18 h under a saturated vapor 
pressure of 2.34 × 104 Pa in an oven. After the first stage, the reactor was cooled to room 
temperature, and the remaining MMA was removed in vacuo. Next, the second monomer, St, (2.0 
mL), was introduced into the bottom with a syringe through the glass cock of the reactor under an 
Ar gas flow. The reactor was degassed again by three freeze-pump-thaw cycles and then sealed 
under a saturated atmosphere of St. The second stage was also carried out at 80 °C for 11 h under 
a saturated vapor pressure of 1.85 × 104 Pa without any additional initiator. After the reaction, the 
produced powdery composite on the glass pan was dried in vacuo and weighed to obtain 
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poly(MMA-block-St)/C18MMT composite. The polymer was characterized in a similar way to 
the copolymers obtained by the simultaneous VASP. 
 
Procedure in Solution Polymerization. A solution polymerization of St was carried out in a 
toluene suspension of the same AIBN pre-treated C18MMT at 85˚C for 3h. The AIBN 
pre-intercalated C18MMT powder (100 mg) was measured into a 10 mL glass tube before St 
(1.25 mL) and toluene (1.0 mL) were added. The reactor was degassed by three 
freeze-pump-thaw cycles and then sealed in a nitrogen atmosphere at normal pressure. Solution 
polymerization was carried out at 85 °C for 3 h in a thermostated oil bath. After polymerization, 
the reactor was cooled to room temperature, and the reaction mixture was diluted by THF, 
followed by the precipitation of the product into hexane. The precipitate was dried under a 
reduced pressure for 24 h at 25 °C and the product was characterized in a similar way to the 
copolymers obtained by the simultaneous VASP. 
Melt Processing. Melt processing of poly(MMA-ran-St)/C18MMT powdery composites was 
carried out by compression molding, in which the composites were pre-heated for 2 min in an oil 
press heated at 210˚C followed by heat-pressing for 3 min at the same temperature to obtain a 
thin film (thickness ca. 100 µm). 
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Characterization Methods. XRD patterns were obtained by using a Rigaku diffractometer 
equipped with a Cu K± generator (»=0.1541 nm) under the following conditions: slit width, 0.30 
mm; generator current, 16 mA; voltage, 30 kV; and scanning rate, 2 degree·min-1. 
1H-NMR spectra were recorded on a 300-MHz JEOL AL-300 MHz spectrometer. 
Chloroform-d (CDCl3) was used as a solvent. Chemical shifts were reported as ´  values (ppm) 
relative to internal tetramethylsilane (TMS) in CDCl3 unless otherwise noted. FTIR spectroscopy 
was performed using a JASCO FTIR 460 plus spectrometer. Transmission spectra were recorded 
from KBr disks, whose surfaces were coated with polymer samples from chloroform solutions.  
Molecular weights of polymers were measured on a TOSOH HLC-8220 SEC system with 
refractive index (RI) and ultra violet (UV, »=254 nm) detectors under the following conditions: 
TSKgel Super HM-H linear column (linearity range, 1 × 103 - 8 × 106; molecular weight 
exclusion limit, 4 × 108), THF eluent at a flow rate of 0.6 mL·min-1, and column temperature of 
40 ºC. The calibration curves for SEC analysis were obtained using polystyrene standards with a 
low polydispersity (5.0 × 102, 1.05 × 103, 2.5 × 103, 5.87 × 103, 9.49 × 103, 1.71 × 104, 3.72 × 104, 
9.89 × 104, 1.89 × 105, 3.97 × 105, 7.07 × 105, 1.11 × 106, TOSOH Corporation).  
Thermogravimetric/differential thermal analysis (TG/DTA) was performed on a TG/DTA 6200 
(Seiko Instruments Inc.) under nitrogen flow (100 mL·min-1) with a heating rate of 10˚C·min-1. 
Transmission electron microscopy (TEM) was carried out on a JEOL JEM-3010 transmission 
electron microscope with an accelerating voltage of 200 kV. For TEM measurements, the melt 
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processed thin films from poly(MMA-ran-St)/C18MMT composites were ultramicrotomed with a 
diamond knife. 
 
Results and Discussion 
Simultaneous Copolymerization. Based on the monomer reactivity ratio of St and MMA on 
free radical copolymerization, rSt and rMMA have been reported as 0.52 and 0.46, respectively.
15 
This means that St is introduced preferentially into copolymers. However, in the silicate 
interlayers of organoclay, the monomer reactivity ratio may change due to differences in the 
affinity of monomers with the silicate layer surface. Taking into consideration the affinity, 
simultaneous VASP of St and MMA was carried out with various monomer feed ratios of 
St/MMA = 2.0/0~0.5/1.5 (mL/mL) (entries 1-5 in Table 1) in the presence of the AIBN 
pre-intercalated C18MMT powder.  
VASP of St on the AIBN pre-intercalated C18MMT (entry 1) proceeded with gradual 
expansion in volume of the C18MMT producing a lump of powdery solid product, with an 
accompanying drastic increase in the d–spacing value between silicate layers to 3.9 nm, much 
greater than the 2.3 nm of the original AIBN pre-intercalated C18MMT as shown in Figure 1. 
This phenomenon indicates that an intercalated polymer/C18MMT nanocomposite was formed 
via this VASP of St, but not an exfoliated one. To determine the molecular weight of the 
polymeric product, a free polymeric component was dissolved with THF and the solution was 
filtered repeatedly to ensure the removal of the clay. The extracted polymer was then precipitated 
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with methanol. The number and weight average molecular weights, analyzed by SEC, of the 
isolated polymer were 1.1 × 106 and 2.7 × 106, respectively; values that are high enough for 
PMMA to exfoliate the silicate layers.14 
The VASP product in entry 1 was compared with a product of a solution polymerization of St 
(entry Sol-1), which was carried out in a toluene suspension of the same AIBN pre-treated 
C18MMT powder. In spite of a comparable amount of product (120 mg), the XRD profile of the 
product showed only a small expansion in the d-spacing (3.4 nm) between the silicate layers 
(Figure 1). These results suggest that it would be difficult to prepare a completely exfoliated 
PSt/clay nanocomposite either by VASP, or by the solution polymerization of St under the 
employed conditions.  
To prepare exfoliated nanocomposites, random copolymers of MMA and St were prepared by 
the simultaneous VASP of both monomers on the AIBN pre-intercalated C18MMT (entries 2-5), 
resulting in powdery products. The expansion of the d-spacing into the exfoliation of the silicate 
layers in the products was clearly observed with increase in the feed ratio of MMA (Figure 1). 
Addition of a small amount of MMA in the feed (entry 2, St/MMA = 2.0/0.1) caused a further 
expansion in d-spacing (4.1 nm) of the intercalated silicate layers. Further addition of MMA in 
the feed (entries 3-5) resulted in more expansion between the silicate layers in the VASP products, 
resulting in a d-spacing of greater than 4.4 nm at the limit of the 2¸  value (2.0 °) measurable with 
the XRD. 
Table 1 
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Figure 1. XRD profiles. 
 
From SEC and 1H NMR analyses, the extracted free copolymers had high molecular weights 
and included relatively smaller amounts of St-unit in the copolymer chains than those in the feed 
ratios (Table 1). According to the rSt and rMMA values of 0.52 and 0.46, respectively,
15 the St-unit 
contents in copolymers should be richer than in the feed ratios of St monomer. Thus, it is 
considered that the surfaces, including interlayer surfaces, of the silicate layers affect the 
copolymerization kinetics of St and MMA (Scheme 1).  
The results of the simultaneous copolymerization showed that effectively exfoliated 
nanocomposites with high St-unit contents of 75.0-90.6 unit-% were obtained. Because of the 
relatively poor ability of St to make the MMT exfoliate, a higher St content tended to require a 
larger amount of copolymer for exfoliation. 
Scheme 1 
To achieve both the exfoliation of the silicate layers and high St content in the composite, a 
block copolymer having a short MMA block segment, which could function effectively in 
delaminating silicate layers, was prepared in situ. One of advantages of the VASP method, 
compared with the liquid phase reaction, is the easy exchange of the gaseous monomer, whereby 
a block copolymer can be facilely produced by consecutive VASP.11d To construct a exfoliated 
nanocomposite comprising MMT and a styrene-based copolymer, the consecutive VASP of 
MMA and St was carried out in a two-step polymerization on the AIBN pre-treated C18MMT. 
 13 
The consecutive VASP smoothly proceeded by the 1st and 2nd steps for MMA and St, 
respectively, to give powdery products (entry 6 in Table 2). From 1H NMR analysis, the 
composition of the obtained product was rich in St-unit (83.3 %) and had a high MMT content 
(18.2 wt-%), achieving an effective expansion in the d-spacing between silicate layers (> 4.4 nm 
in Figure 1). 
Table 2. 
 
Characterization of Copolymers. The as-polymerized products on the C18MMT surface were 
characterized by FTIR and 1H NMR in Figure 2 and 3, respectively. FTIR spectra of 
poly(MMA-ran-St) (entry 5) and poly(MMA-block-St) (entry 6) showed characteristic peaks 
assigned to ´ Ar-CH, out of plain at 760 and 700 cm
-1 and to ½C=O at 1747 cm
-1 for St and MMA 
components, respectively. The ½C=O peaks were broader than the same peak of pure PMMA, 
indicating a hydrogen bonding interaction between the surface of silicate layers and MMA-units 
in the intercalated polymer chains.16 These results suggest that MMA-units in the copolymer 
chains are adsorbed and restricted in mobility on the platelet surface. On the other hand, no 
broadening of the peaks of ´ Ar-CH, out of plain was observed for both the products, suggesting no 
interaction between the St-unit and the silicate surface occurred. 
Figure 2. FTIR spectra. 
To confirm compositions of copolymers formed by simultaneous and consecutive VASP, free 
polymers in the composites (entries 4 and 6) were extracted by THF at 80 ºC for 24 h. A 92.7 
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wt.-% of the accumulated product in entry 4 was extracted as the free polymer. Thus, at least 7.3 
wt.-% of the accumulation must be grafted on the substrate surfaces.14 Fractionation of the 
THF-extracted component was carried out by a selective extraction method using particular 
solvents for both homopolymers, i.e., cyclohexane for PSt and acetonitrile for PMMA at 80 ºC 
for 24 h. After the selective extraction, the residual copolymers were dissolved in a common 
solvent: chloroform. Each fraction was characterized with 1H NMR and SEC. Results are listed in 
Table 3. It was found that the simultaneous VASP product (entry 4) comprised copolymer 
(71.9%) and both homopolymers of PSt (3.0 %) and PMMA (25.1 %). On the other hand, the 
consecutive VASP (entry 6) gave a product comprising high molecular weight St-rich copolymer 
(49.7%), low molecular weight St-rich copolymer (37.2%), and high molecular weight MMA 
homopolymer (13.1%). The MMA homopolymer obtained by consecutive VASP might be 
produced as terminated and/or occluded chains under accumulated chains before the delivery of 
the St monomer.11d These compositions must be reflected in copolymer chains combined with 
silicate surfaces.14 
Table 3. 
To confirm the 1st-order structure of VASP products, the isolated free polymers were analyzed 
by 1H NMR. In Figure 3a and 3b, 1H NMR spectra of the fractions isolated from the 
simultaneous and consecutive VASP products; entries 4 and 6, are shown together with the 
mixed product before fractionation. In Figure 3a, the 1H NMR spectrum of the acetonitrile 
extracted fraction (PMMA) showed a sharp singlet signal at 3.6 ppm assigned to -COOCH3 in a 
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continuous MMA-unit sequence. However, in the spectra of the cyclohexane extracted (PSt) and 
residual chloroform soluble (copolymer) fractions, there was no evidence of any sharp peak at 3.6 
ppm, indicating that the MMA-unit was randomly distributed in the copolymer sequence. All the 
fractions in Figure 3b show the typical peak patterns as found with homopolymers and their 
block copolymer, clearly indicating the production of poly(MMA-block-PSt). Characteristic 
signal patterns of aromatic protons over the range of ´  6.3-7.2 ppm indicate a continuous St-unit 
sequence17-21, resulting from the large amount of St-unit, which forms the majority unit in the 
copolymer sequence. 
From the above results, it is considered that the products prepared from the simultaneous and 
consecutive VASP of MMA and St are random and block copolymers, respectively. Although 
these are St-rich copolymers incorporating the MMA-units as a minor component, the minor 
MMA-units effectively function to delaminate the silicate layers during VASP. The 
characteristics of simplicity and effectiveness in such nanocomposite preparation are attractive 
attributes of VASP in addition to its features of being solventless and free in the pre-homogenous 
process. 
 
Figure 3. 1H NMR spectra of fractions of entries 4 and 6. 
 
Thermal Property and Morphology of Melt-Processed Composites.  
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Thermogravimetric (TG) profiles of PS/C18MMT (entry 1), poly(MMA-ran-PS)/C18MMT 
(entries 2 and 5), and poly(MMA-block-PS)/C18MMT (entry 6) are shown in Figure 4. The TG 
profiles of entries 1, 2, and 5 exhibited similar multi-step weight loss curves, reflecting the 
degradation behavior of the PSt homo-sequence. On the other hand, in spite of the similar 
molecular weight and MMA-unit content, the TG profile of the block copolymer/C18MMT 
(entry 6) showed rapid degradation at temperatures lower than those for the other samples. MMA 
is well known as an easily depolymerizable polymer22, and it has been reported previously that a 
PMMA/C18MMT degraded in a similar temperature range.14 Thus, the rapid thermal degradation 
of poly(MMA-block-St)/C18MMT (entry 6) must be ascribed to the easy degradation of the long 
PMMA segment in the block copolymer. 
Figure 4. TG curves. 
To determine the homogeneous dispersion of individual silicate platelets in the PSt-based 
polymer matrix, TEM images of the obtained nanocomposite were observed after 
melt-processing of the products at 210 °C for 2 min. Typical TEM images of the 
poly(MMA-ran-St)/MMT/C18MMT (entry 3) melt-pressed film at low and high magnifications 
are shown in Figure 5.23,24 In the low magnification image (Figure 5a), it  seems that the MMT 
is distributed in a relatively homogeneous manner, showing mostly exfoliated silicate platelets in 
the polymer matrix. However, in some small areas intercalated structures are also found (Figure 
5c). Even after melt-processing, the effectively delaminated morphology of the silicate platelets 
was preserved without re-lamination. This suggests that the polymer chains attached onto the 
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silicate surfaces act to preserve the dispersion of individual silicate platelets in the polymer 
matrix.14 
Therefore, the layered structure of MMT was effectively delaminated by the MMA-units in the 
copolymers during the VASP process, and the intercalated/exfoliated silicate platelets were 
dispersed homogeneously in a PSt-based polymer matrix, retaining the dispersed state even after 
the melt-processing of the nanocomposites. 
Figure 5. TEM images. 
 
Conclusions. 
PSt-based copolymer/MMT nanocomposites were successfully prepared by simultaneous and 
consecutive VASP of St and MMA. The advantages of VASP technique: solventless nature and 
effectiveness, compared with an authentic liquid process, were determined through the 
preparation of intercalated/exfoliated nanocomposites. In the case of VASP of St on C18MMT, 
in spite of having the high polymer yield and molecular weight of the polymer component, 
C18MMT was only intercalated, but not exfoliated. The effective exfoliation of the silicate layers 
was achieved by the simultaneous VASP of St and MMA. With increase in the MMA-unit 
content in the obtained random copolymers, the delamination of silicate layers effectively 
proceeded, resulting in the production of nanocomposite with high MMT content. This 
phenomenon must be induced by the particular interaction between a small amount of 
MMA-units in copolymer chains and silicate surfaces as suggested from the broadening of the 
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½C=O absorption band of MMA-unit. To make the specific compatibility of MMA-unit with 
silicate surface function effectively, a block copolymer was synthesized and the individual 
functions of its monomeric units, i.e., the delamination of silicate layers by MMA-units and the 
affinity with polymer matrices by St-units in the copolymers, were determined. 
This approach allows the nanocomposites with accompanying effective exfoliation of silicate 
layers to be applied to a wide range of vaporizable monomers, which in the absence of this 
technique would be otherwise difficult to individually prepare.  
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Figure and Scheme Captions  
Figure 1. XRD patterns of C18MMT and PSt-based copolymer/C18MMT composites.” 
Figure 2. FTIR spectra of AIBN pre-intercalated C18MMT and PSt-based copolymer/C18MMT 
composites.” 
Figure 3. 1H NMR spectra of the simultaneous and consecutive VASP products and their 
fractions isolated by a selective solvent extraction method. a) simultaneous VASP product (entry 
4); b) consecutive VASP product. 
Figure 4. TG profiles of PSt/C18MMT (entry 1), poly(MMA-ran-St)/C18MMT (entries 2 and 5), 
and poly(MMA-block-St)/C18MMT (entry 6). Heating rate: 10 °C•min-1 under N2 flow (100 
mL•min-1).” 
Figure 5. TEM images of melt-pressed poly(MMA-ran-St)/C18MMT nanocomposite thin film 
(entry 3) at (a) low and high magnifications of (b) exfoliated and (c) intercalated parts. 
 
“Scheme 1. Exfoliation of silicate layers of MMT during simultaneous VASP process.” 
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Tables. 
 
Table 1. Simultaneous VASP of St/MMA on AIBN pre-intercalated C18MMT for 3h 
at 70˚C. 
Entry Monomer ratio 
St/MMA 
(mL/mL) 
Polymer 
yield 
(mg) 
Mn
a 
(× 105) 
PDI d-Spacing 
(nm) 
Unit ratio in 
copolymerb 
[St]/[MMA] 
1 2.0 / 0 960 10.7 2.5 3.9 - 
Sol-1c 1.25 / 0 120 0.3 2.8 3.4 - 
2 2.0 / 0.1 580 12.9 1.9 4.1 9.6  
3 2.0 / 0.2 740 12.4 1.7 >4.4d 7.0  
4 1.5 / 0.3 460 6.9 2.3 >4.4d 4.2  
5 1.5 / 0.5 430 7.9 1.8 >4.4d 3.0  
* Polymerization conditions: substrate, C18MMT (100 mg); C18MMT:AIBN= 30:1 
(wt/wt). a Number average molecular weight determined by SEC relative to 
polystyrene standards. b Calculated from 1H NMR peak intensities of a singlet at 
2.00-3.65 ppm (-COOCH3 in MMA unit) and signals at 6.28-7.20 ppm (aromatic 
protons in St unit) in 1H NMR spectra. c Polymerization in a toluene (1 mL) solution d 
No diffraction peak in a range of 2¸  = 2-10˚, which is indicative of exfoliated structure. 
 
 22 
 
 
Table 2. Consecutive VASP of vinyl monomers on AIBN pre-intercalated C18MMT. 
Entry 
Monomer (mL) Temp. 
(˚C) 
1st/2nd 
Time 
(h) 
1st/2nd  
Product  
(mg) 
Polymer 
yield   
(mg) 
Mn
a 
 (× 105) PDI 
d-Spacing  
(nm) 
Unit ratio in 
copolymerb 
[St]/[MMA] 
1st 
MMA 
2nd 
St 
6 1 2 60 / 80 18 / 11 550 450 6.8 2.2 > 4.4 c 5.0 
* Polymerization conditions: substrate, C18MMT (100 mg); C18MMT:AIBN= 30:1 (wt/wt). a Number 
average molecular weight determined by SEC relative to polystyrene standards. b Calculated from 1H 
NMR peak intensities of a singlet at 2.00-3.65 ppm (-COOCH3 in MMA unit) and signals at 6.28-7.20 
ppm (aromatic protons in St unit) in 1H NMR spectra. c No diffraction peak in a range of 2¸  = 2-10˚, 
which is indicative of exfoliated structure. 
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 Table 3. Composition of free polymers fractionated by selective solvents 
 * Extraction for 24 h at 80 °C. a Calculated from peak intensities of a singlet at 2.00-3.65 ppm (-COOCH3 in MMA unit) 
and signals at 6.28-7.20 ppm (aromatic protons in St unit) in 1H NMR spectra. b Calculated from SEC profile monitored with 
RI detector on the basis of PSt standards. 
 
Entry 
cyclohexane extracted 
 
acetonitril extracted 
 
chloroform soluble 
(wt%) 
(unit %)a 
Mn
b PDI (wt%) 
(unit %)a 
Mn
b PDI (wt%) 
(unit %)a 
Mn
b PDI 
St MMA St MMA St MMA 
4 3.0 100 0 6.4×105 2.5  25.1 0 100 5.5×105 2.4  71.9 81.3 18.7 5.6×105 2.1 
6 37.2 88.8 11.2 8.0×104 1.3  13.1 0 100 4.6×105 2.1  49.7 82.2 17.8 8.5×105 2.0 
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Title:  Simple Procedure for Polystyrene-based Nanocomposite Preparation by 
Vapor-Phase Assisted Surface Polymerization 
Authors:  Yoshito Andou, Jae-Mun Jeong, Haruo Nishida, and Takeshi Endo 
Polystyrene-based copolymer/montmorillonite (MMT) nanocomposites were prepared by an 
in-situ vapor-phase assisted surface polymerization (VASP) as a solventless method using 
organically modified MMT and a free radical initiator. Simultaneous and consecutive VASP of 
styrene (St) and methyl methacrylate (MMA) on the pre-modified MMT induced the 
accumulation of poly(MMA-ran-St) and poly(MMA-block-St) on the MMT surface and the 
effective exfoliation of silicate layers. This phenomenon must be induced by the particular 
interaction between a small amount of MMA-units and silicate surfaces.
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